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Glutamate Spillover Mediates Excitatory
Transmission in the Rat Olfactory Bulb
interneurons called granule cells (Rall et al., 1966; Price
and Powell, 1970a, 1970b). This reciprocal circuit under-
lies dendrodendritic inhibition in the olfactory bulb (Jahr
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Department of Physiology and Biophysics
University of Washington
Seattle, Washington 98195 and Nicoll, 1980, 1982; Isaacson and Strowbridge, 1998;
Schoppa et al., 1998). Mitral cell dendrites do not make
synaptic contacts with other mitral cells (Price and Pow-
ell, 1970a), yet mitral dendrites express high levels ofSummary
NMDA receptors (Petralia et al., 1994a, 1994b). It has
been suggested in the turtle olfactory bulb that gluta-In the CNS, glutamate typically mediates excitatory
mate release from dendrites can produce ªself-excita-transmission via local actions at synaptic contacts. In
tionº of mitral neurons (Nicoll and Jahr, 1982). In thisthe olfactory bulb, mitral cell dendrites release gluta-
study, I have taken advantage of dendritic glutamatemate at synapses formed only onto the dendrites of
release and the lack of synaptic contacts between mitralinhibitory granule cells. Here, I show excitatory trans-
cells to explore spillover-mediated transmission in themission mediated solely by transmitter spillover be-
rat olfactory bulb.tween mitral cells in olfactory bulb slices. Dendritic
glutamate release from individual mitral cells causes
self-excitation via local activation of N-methyl-D- Results
aspartate (NMDA) receptors. Paired recordings reveal
that glutamate release from one cell generates NMDA I first examined whether transmitter released from mitral
receptor±mediated responses in neighboring mitral cell dendrites could cause the local activation of gluta-
cells that are enhanced by blockade of glutamate up- mate receptors (self-excitation). Voltage-clamp recordings
take. Furthermore, spillover generates spontaneous of mitral cells were performed in the presence of tetrodo-
NMDA receptor±mediated population responses. This toxin (TTX, 1 mM) to block Na1-dependent action poten-
simultaneous activation of neighboring mitral cells by tials. To evoke dendritic glutamate release, a brief (10±50
a diffuse action of glutamate provides a mechanism ms) voltage step from 250 to 0 mV was used to generate
for synchronizing olfactory principal cells. Ca21 influx via voltage-gated Ca21 channels. Under these
conditions, voltage steps generated inward Ca21 current
(data not shown) that was followed by a slowly decayingIntroduction
outward current (Figure 1A). Blockade of GABAA recep-
tors using bicuculline methiodide (BMI, 50 mM) or picro-In the brain, glutamate mediates point-to-point excitatory
toxin (100 mM) blocked the slow outward current andsynaptic transmission through high-affinity N-methyl-D-
revealed an inward current (Figure 1B). This remainingasparate (NMDA) receptors and low-affinity a-amino-
inward current was abolished by the subsequent appli-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
cation of the NMDA receptor antagonist D-APV (100 mM)receptors (Collingridge and Lester, 1989; Patneau and
(Figure 1B). Digital subtraction of the traces in BMI andMayer, 1990; Jonas and Sakmann, 1992). It has been
D-APV from the control response reveals the GABAA andsuggested that glutamate diffusing out of the synaptic
NMDA receptor-dependent components following thecleft can also activate NMDA receptors at neighboring
voltage step (Figure 1C). These excitatory and inhibitorysynapses (Kullmann and Siegelbaum, 1995; Kullmann
currents are mediated by dendritic interactions sinceet al., 1996; AszteÂ ly et al., 1997; Barbour and Hausser,
the responses occur in TTX, which blocks all axonal1997; Rusakov and Kullmann, 1998). However, ªspill-
conduction. The GABAA-mediated component repre-overº of glutamate onto extrasynaptic NMDA receptors
sents the reciprocal dendrodendritic inhibition driven byhas only been inferred indirectly from studies of nerve-
NMDA receptors on the dendritic spines of inhibitoryevoked excitatory postsynaptic currents (EPSCs) in the
granule cells (Isaacson and Strowbridge, 1998; Schoppahippocampus (Kullmann et al., 1996; AszteÂ ly et al., 1997).
et al., 1998). Since mitral cells express high levels ofFurthermore, the extent to which spillover contributes
NMDA receptors (Petralia et al., 1994a, 1994b), the APV-to excitatory transmission is unclear since nerve-evoked
sensitive excitatory current may reflect the self-excita-EPSCs in the hippocampus largely represent local syn-
tion (Nicoll and Jahr, 1982) of mitral dendrites by locallyaptic actions of glutamate.
released glutamate (Figure 1D).Can glutamate spillover alone govern excitatory trans-
In the presence of GABAA antagonists, the excitatorymission between central neurons? To address this ques-
current following the voltage step was unaffected bytion directly, I studied excitatory transmission mediated
the AMPA receptor antagonist NBQX (10 mM; Figure 2).by mitral cells of the rat olfactory bulb. Mitral cells re-
This rules out a role for AMPA receptors in self-excita-lease glutamate from their dendrites at synaptic con-
tion, but it is unclear whether the excitatory current rep-tacts formed onto the dendritic spines of local inhibitory
resents a direct action of glutamate on mitral dendrites.
One possibility is that the excitatory current is triggered
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by NMDA receptors on an intervening cell, which medi-u.washington.edu).
ates reciprocal feedback excitation via a different excit-² Present address: Department of Neurosciences, University of Cali-
fornia, San Diego, La Jolla, California 92093. atory transmitter. To rule out this possibility, I studied
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Figure 1. Mitral Cell Self-Excitation Is Mediated by NMDA Re-
ceptors
(A) Blockade of dendrodendritic inhibition reveals self-excitation in
a mitral cell. A large outward current follows a brief (20 ms) voltage
step (control). Figure 2. Self-Excitation Does Not Require AMPA Receptors
(B) The GABAA antagonist bicuculline methiodide (1BMI, 50 mM)
Summary plot of self-excitation in four cells. The application of theblocked the outward current and unmasked an inward, excitatory
AMPA antagonist NBQX (10 mM) for the period marked by the barcurrent that was abolished by the subsequent application of the
had no effect on self-excitation. Subsequent application of D-APVNMDA antagonist D-APV (1APV, 100 mM).
(100 mM) abolished the responses.(C) Digital subtraction of the responses in BMI and D-APV from the
Top, traces from a single experiment under control conditions, aftercontrol response yields the GABA- and NMDA-dependent compo-
5 min in NBQX, and following the application of APV.nents, respectively.
(D) Schematic diagram of dendritic mechanisms underlying recipro-
cal dendrodendritic inhibition and mitral cell self-excitation.
(Jahr, 1992; Hessler et al., 1993; Rosenmund et al., 1993).
Stable self-excitatory responses were recorded fromthe properties of the channels underlying the excitatory
mitral cells, and MK-801 (50 mM) was then applied incurrent using nonstationary fluctuation analysis (Sig-
the absence of voltage steps for 5 min. Subsequently,worth, 1980). Responses of stable amplitude and time
in the presence of MK-801, stimulation caused the rapidcourse showed significant variance that approximated
progressive block of self-excitation (Figure 3B1). Haltingthe time course of the excitatory current (Figures 3A1 and
stimulation for 5 min in the absence of MK-801 did not3A2). Baseline variance (31 6 6 pA2, n 5 12) increased on
significantly affect responses after the voltage stepsaverage by 12-fold at the peak of the current. Current
were resumed (n 5 3). In MK-801, individual responsesvariance is plotted against the mean current for one
decayed more rapidly, confirming the open channelcell in Figure 3A3. The plot was linear for small current
blocking action of the drug (Jahr, 1992) and indicatingamplitudes but deviated from linearity near the peak of
that NMDA channel kinetics underlie the decay timethe inward current. Even though the excitatory current
course of self-excitation. After normalizing to the ampli-amplitude was saturated with long (50 ms) depolarizing
tude of the first response in MK-801, the progressivevoltage steps, current variance rarely declined, indicat-
block of self-excitation was well fitted by a single expo-ing that the probability of channel opening rarely ex-
nential decay (Figure 3B2). Exponential fits to the pro-ceeded 0.5. In 12 cells, the maximum probability of chan-
gressive block of self-excitation had time constants (t)nel opening (Popen, estimated by peak current/i ´ N)
ranging from 2.2 to 5.9 and averaged 3.9 6 0.5 episodesranged from 0.13 to 0.6 with a mean of 0.39 6 0.05. At
(n 5 7). The fraction of available NMDA channels blockeda holding potential of 250 mV, the single channel current
during each stimulus in MK-801 is equal to 1/t, whichamplitude, estimated from the initial slope of the vari-
under these conditions is 28% 6 4% per episode. Takenance mean current relationship, was 2.0 6 0.2 pA (n 5
together, the fluctuation analysis and MK-801 results12). This value is identical to that predicted of NMDA
suggest that activation of NMDA receptors during self-receptors (2±2.5 pA) that have a single channel con-
excitation occurs with a moderately high probability (ap-ductance of 40±50 pS (Nowak et al., 1984; Jahr and
proximately 30%).Stevens, 1987; Gibb and Colquhoun, 1992; Farrant et
Mitral cell dendrites do not make synaptic contactsal., 1994). These results indicate that dendritic glutamate
with other mitral cells in the mammalian olfactory bulbrelease activates NMDA receptors having a moderately
(Price and Powell, 1970a). However, since NMDA recep-high Popen.
tors have a relatively high affinity for glutamate (PatneauTo establish further the properties of channels that
and Mayer, 1990; Jonas and Sakmann, 1992), I nextunderlie mitral self-excitation, I studied the progressive
examined whether transmitter released from the den-block of excitatory currents by the noncompetitive
drites of one mitral cell could activate receptors onNMDA receptor antagonist MK-801. MK-801 is an irre-
neighboring mitral cells. Figure 4 shows the results ofversible open channel blocker that can be used to deter-
mine the probability of activation of NMDA receptors one representative experiment in which two neighboring
Glutamate Spillover in the Olfactory Bulb
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Figure 3. NMDA Receptors with a High Popen
Underlie Self-Excitation
(A) Nonstationary fluctuation analysis of self-
excitation.
(A1) Ten responses in the presence of picro-
toxin are superimposed along with their aver-
age (white trace).
(A2) Current variance of the ten responses
shown above. Background variance, 39 pA2.
(A3) The relationship between mean current
and variance is shown fitted with the para-
bolic equation, s2 5 I ´ i 2 I ´ I/N. The least
squares fit to the data yields i 5 2.3 and N 5
470. The peak amplitude was 650 pA, and
Popen was 0.60.
(B) Progressive block of self-excitation by
MK-801.
(B1) A representative experiment showing the
amplitude of self-excitation versus stimulus
number. After a stable baseline is recorded,
voltage steps are stopped and MK-801 (50
mM) is added to the superfusing solution.
Stimulation is resumed 5 min later. Inset: av-
erage response under control conditions
(Con) normalized to the peak of the average
of the first three responses in MK-801.
(B2) Summary plot of the progressive block of self-excitation normalized to the amplitude of the first response in MK-801 (n 5 7 cells). Dashed
line is a fit to the data of a single exponential with a t of four episodes. Inset: data shown on a semilog scale.
mitral cells from the same slice are recorded in voltage between mitral cell pairs, PDC had only a small and
variable effect on self-excitation (control peak ampli-clamp. A brief voltage step to cell 1 causes self-excita-
tion and also generates an excitatory current in the tude, 486 6 66 pA; PDC, 528 6 61 pA; n 5 14; Figure
5C). PDC caused a variable increase in holding currentneighboring mitral neuron (cell 2). Alternating the cell
receiving the voltage step (cell 2) reveals a similar recip- (90 6 14 pA, n 5 14), presumably due to a slow accumu-
lation of glutamate in the slice (Isaacson and Nicoll,rocal excitatory current in the adjacent cell (cell 1). The
subsequent addition of APV completely abolishes the 1993), but this was not correlated with its action on
the amplitude of self-excitation. The small effect of theself-excitation and mitral-to-mitral excitatory response,
confirming that both are mediated by NMDA receptors uptake blocker on the amplitude of self-excitation is
consistent with the hypothesis that NMDA receptors are(Figure 4).
Given the lack of synaptic contacts between mitral
cells, what mechanism can account for the excitatory
transmission in paired recordings? One possibility is
that glutamate ªspills overº from release sites at mitral-
to-granule dendritic synapses at concentrations suffi-
cient to activate NMDA receptors on nearby mitral cells.
If mitral-to-mitral transmission is due to a diffuse action
of glutamate at a distance, then glutamate transporters
may limit the excitatory current. Consistent with this
hypothesis, the selective glutamate uptake inhibitor
L-trans-pyrrolidine-2,4-dicarboxylic acid (PDC, 100±200
mM) caused a marked enhancement of mitral-to-mitral
transmission (Figures 5A and 5B) in all cells examined
(n 5 11; Figure 5B). In three cell pairs, excitatory currents
under control conditions were virtually undetectable but
became pronounced following blockade of glutamate
uptake (Figure 5A2). This indicates that transmission be-
tween mitral cells that is initially ªsilentº can be revealed
when glutamate transporters are inhibited.
Overall, excitatory transmission was clearly evident in
Figure 4. Paired Whole-Cell Recording of Spillover-Mediated Excit-the majority (60%) of cell pairs examined. When present
atory Transmission between Two Adjacent Mitral Cellsunder control conditions, the peak amplitude of the ex-
A brief (20 ms) voltage step to cell 1 (upper left panel) cause self-citatory current averaged 7.3 6 2.1 pA (n 5 12). In experi-
excitation and also generates an excitatory current in a neighboringments studying the influence of glutamate uptake, PDC
mitral cell (cell 2, lower left panel). Voltage steps to cell 2 cause self-
caused a 5-fold enhancement of the peak current (con- excitation (bottom right panel) and a reciprocal excitatory current in
trol, 2.5 6 0.9 pA; PDC, 13.6 6 2.3 pA; n 5 11). cell 1 (upper right panel). In both cells, the self-excitation and spill-
over-mediated excitatory transmission is abolished by APV (100 mM).In contrast to its action on excitatory transmission
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Figure 5. Spillover-Mediated Transmission Is
Enhanced in the Presence of a Glutamate Up-
take Blocker
(A1) Spillover-mediated transmission under
control conditions (left) in one cell of a pair
(donor cell not shown) and following the addi-
tion of the glutamate uptake inhibitor PDC
(200 mM, right). The response in PDC is com-
pletely blocked following the subsequent ad-
dition of APV (100 mM) to the superfusing so-
lution.
(A2) Spillover in another cell pair is virtually
undetectable under control conditions (left)
but becomes pronounced following the block-
ade of glutamate uptake (right).
(B) Summary of the actions of the glutamate
uptake blocker (1PDC) on the amplitude of
spillover-mediated transmission (n 5 11
cells).
(C) Representative experiment showing that
PDC does not enhance self-excitation. The cell
shown is the ªdonorº cell of the pair in (A2).
(D) Summary of the rise and decay kinetics
of spillover-mediated transmission (control,
n 5 8; PDC, n 5 13) and self-excitation (n 5
14) under control conditions (open bars) and
in the presence of PDC (solid bars).
locally saturated during self-excitation. Blocking gluta- n 5 13; Figure 5D). These findings suggest that the
decay time course of transmission between mitral cellsmate uptake did not effect the decay time course of
is governed by glutamate uptake. It is unlikely that elec-self-excitation (control t, 174 6 19 ms; PDC t, 180 6 20
trotonic filtering could account for the slow kinetics ofms; n 5 14; Figure 5D). The lack of action of PDC on
these currents since there was no correlation betweenthe time course of these responses is consistent with
their rise and decay times (r2 5 0.06, n 5 13). Takenthe results from the MK-801 experiments and confirms
together, the slow kinetics and sensitivity to uptake ofthat channel kinetics govern the decay of self-excitation.
the NMDA receptor±mediated currents, as well as theTheoretical studies (Rusakov and Kullmann, 1998) and
lack of synaptic contacts between mitral cells, suggestexperiments in outside-out patches (Clements and West-
that glutamate spillover underlies excitatory transmis-brook, 1991) predict that a relatively low concentration
sion between mitral cells.of glutamate acting upon distant NMDA receptors would
Following the blockade of glutamate uptake, largeyield an excitatory current with a very slow rising phase.
spontaneously occurring excitatory currents were ob-Indeed, the 10%±90% rise time of mitral-to-mitral re-
served in paired recordings (n 5 5). These events weresponses was 51 6 3 ms (n 5 8). An alternative explana-
typically several hundred pA in amplitude and occurredtion is that mitral cell NMDA receptors have unusually
synchronously in neighboring cells (Figure 6A). APVslow activation kinetics. To address this possibility, I
completely abolished the events (Figure 6A) indicatingstudied NMDA receptor±mediated EPSCs generated by
that they are mediated by NMDA receptors. Since theyconventional axonic terminals of olfactory nerve (ON)
occur in the presence of TTX, the simplest explanation
fibers, which synapse on the distal dendritic tufts of
for these large responses is that they reflect the nearly
mitral cells in the glomerular layer. NMDA EPSCs were synchronous activation of a population of neighboring
evoked (in the absence of TTX) via a stimulating elec- mitral cells driven by the spillover of glutamate onto
trode placed within the olfactory nerve layer in the pres- NMDA receptors and subsequent generation of Ca21
ence of picrotoxin and NBQX (10 mM). Under these con- spikes. Synchronous activity of neighboring mitral cells
ditions, the ON-evoked NMDA EPSC rise time was 6.4 6 was also observed in current clamp recordings in the
1.3 ms (n 5 4), considerably faster than responses absence of uptake inhibitors, and a typical experiment
evoked between pairs of mitral cells. These results are is shown in Figure 6B. Under control conditions in the
consistent with the activation kinetics (z10 ms rise time) absence of TTX, mitral cell pairs (8/11) fired in synchro-
of NMDA receptors in other central preparations (Clem- nous bursts. Synchronous bursting was blocked by APV
ents and Westbrook, 1991; Jonas and Sakmann, 1992; (n 5 3) or Mg21 (1.5 mM, n 5 2), indicating that it requires
Isaacson and Walmsley, 1995) and indicates that synap- NMDA receptors (Figure 6B). These experiments sug-
tic NMDA receptors can be activated more quickly fol- gest that glutamate spillover and NMDA receptors pro-
lowing transmitter release than extrasynaptic ones. vide a mechanism for concerted firing in groups of
The rise times of excitatory currents in mitral cell pairs neighboring mitral cells.
were not significantly different following the blockade
of glutamate uptake (61 6 6 ms, n 5 13; Figure 5D). Discussion
However, their decay time course was significantly
slower in the presence of the uptake inhibitor (control In this study, I have characterized a novel form of ex-
citatory transmission mediated entirely by glutamatet, 290 6 54 ms, n 5 8, versus PDC t, 608 6 113 ms,
Glutamate Spillover in the Olfactory Bulb
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Figure 6. Glutamate Spillover Mediates Syn-
chronous Excitation in Populations of Mitral
Cells
(A1) Large, spontaneous excitatory currents
occur synchronously in a pair of mitral cells.
(A2) Enlargement of the region in (A1) bounded
by the dashed line.
(A3) The spontaneous excitatory events in this
cell are abolished by APV (100 mM).
(B) Spontaneous depolarizing potentials gen-
erate synchronous firing (control) in a pair of
mitral cells recorded in current clamp (Vrest,
255±60 mV). The synchronous activity is
abolished in the presence of APV and recov-
ers following washout (5 min) of the drug
(Wash). Downward deflections reflect brief
hyperpolarizing current steps to monitor in-
put resistance.
spillover onto NMDA receptors in the olfactory bulb. mitral cells (Nicoll and Jahr, 1982). This self-excitation,
elicited in TTX, was attributed to the direct feedback ofGlutamate release from mitral cell dendrites produces
self-excitation by the local activation of NMDA recep- dendritically released glutamate onto the same cell
since it was blocked by the nonspecific glutamate re-tors. Nonstationary noise analysis and the rapid pro-
gressive block of self-excitation by the open channel ceptor antagonist a-amino adipate. However, the spe-
cific identity of the receptors mediating mitral cell self-blocker MK-801 indicates that mitral cell NMDA recep-
tors open with a moderately high probability. Although excitation is unclear. In this study, I show that in low
extracellular Mg21 self-excitation is abolished by D-APVmitral cells do not form synaptic contacts with one an-
other, glutamate release from one mitral cell activates and unaffected by NBQX. These experiments using re-
ceptor subtype-specific antagonists indicate that self-NMDA receptors in nearby mitral cells, and this diffuse
action of glutamate is limited by glutamate transporters. excitation is dependent entirely upon NMDA receptors
in the rat olfactory bulb.Furthermore, the spillover of glutamate can govern syn-
chronous activity in populations of neighboring mitral Nonstationary noise analysis of the current underlying
self-excitation revealed the elementary properties ofcells.
channels mediating the response. The single channel
conductance of 40 pS (assuming Erev 5 0 mV), derivedRole of NMDA Receptors in Self-Excitation
from the relationship between mean current and vari-Glutamate released from mitral cell dendrites excites
ance, is consistent with the conductance of NMDA re-the dendrites of granule cells, which in turn mediate
ceptors measured with single channel recording tech-GABAergic dendrodendritic inhibition back onto mitral
niques (Nowak et al., 1984; Jahr and Stevens, 1987; Gibbdendrites (Jahr and Nicoll, 1980; Nowycky et al., 1981;
and Colquhoun, 1992; Farrant et al., 1994). The maximalJahr and Nicoll, 1982; Wellis and Kauer, 1993). Recent
Popen of the channels (estimated from peak current/i ´ N)studies have shown that NMDA receptors on the den-
was 0.39. This finding is consistent with studies showingdrites of granule cells play a critical role in governing
a maximal Popen of NMDA receptors of 0.3 (Jahr, 1992;dendrodendritic inhibition (Isaacson and Strowbridge,
Hessler et al., 1993; Dzubay and Jahr, 1996). Taken to-1998; Schoppa et al., 1998). In the turtle olfactory bulb,
gether, these results suggest that NMDA receptors onblockade of GABAA inhibition unmasks long-lasting de-
polarizing potentials generated by Ca21 spikes in single mitral cell dendrites are saturated by locally released
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glutamate. However, to determine N reliably from noise routinely elicited excitatory currents mediated solely by
NMDA receptors in neighboring mitral cells. Electronanalysis, the probability of channel opening has to be
relatively high (Robinson et al., 1991; Silberberg and microscopic studies indicate that mitral cell dendrites
do not form synaptic contacts with one another; rather,Magleby, 1993); in this case, the value for NMDA recep-
tor Popen in mitral cells should only be considered as a mitral cell release sites are only found at reciprocal syn-
aptic contacts made with the dendritic spines of granulerough estimate.
To investigate further the Popen of the receptors under- cells (Price and Powell, 1970a, 1970b). Under this sce-
nario, communication between pairs of mitral cells islying self-excitation, I examined the progressive blocking
rate of the response by MK-801. This use-dependent best accounted for by a diffuse action of glutamate
that spills over from release sites at synaptic contactschannel blocker has been used to determine the proba-
bility of transmitter release (Pr) at hippocampal synapses between mitral and granule cell dendrites.
A diffuse action of glutamate might be expected to(Hessler et al., 1993; Rosenmund et al., 1993). Pr is pro-
portional to the trial-to-trial decrement of NMDA recep- be highly sensitive to levels of active transmitter uptake.
In agreement with this hypothesis, NMDA receptor±tor±mediated responses in MK-801. In mitral cells, the
progressive block of self-excitation by MK-801 was mediated transmission between mitral cells was en-
hanced markedly following the blockade of glutamaterapid: approximately 30% of the available NMDA recep-
tors were blocked during each stimulus in MK-801. This transporters. Indeed, spillover between some pairs of
single neurons was functionally ªsilentº until it was re-is considerably faster than the rate of block of NMDA
EPSCs evoked in hippocampal neurons (Hessler et al., vealed under conditions when glutamate uptake was
reduced. In addition to the peak amplitude of the re-1993; Rosenmund et al., 1993). However, it is quite simi-
lar to the rate of MK-801 inhibition of responses to high sponse, blocking glutamate uptake also prolonged the
decay time course of mitral-to-mitral transmission. Thisconcentrations of exogenously applied glutamate (Jahr,
1992; Hessler et al., 1993). The simplest interpretation suggests that the decay time course of spillover-medi-
ated responses is limited, in part, by the rate of clearanceof the MK-801 results is that mitral cell NMDA receptors
are activated with a high probability following local glu- of glutamate from the extracellular space.
In contrast to its actions on spillover-mediated re-tamate release. The close agreement between the frac-
tional block of self-excitation and responses to applied sponses, blocking uptake did not significantly enhance
self-excitation. Similarly, glutamate uptake inhibitorsagonist in MK-801 (Jahr, 1992; Hessler et al., 1993) sug-
gests that Pr is close to 1 during the depolarizing voltage have been reported to have only small and variable ac-
tions on evoked NMDA EPSCs in hippocampal neuronssteps used to evoke glutamate release from mitral cells.
Overall, the MK-801 experiments compliment the results (Hestrin et al., 1990; Isaacson and Nicoll, 1993; Sarantis
et al., 1993; AszteÂ ly et al., 1997). These experimentsobtained with fluctuation analysis and offer further evi-
dence that NMDA receptors have a high Popen during are consistent with the idea that conventional boutons
release transmitter at concentrations sufficient to satu-self-excitation.
rate synaptic NMDA receptors (Perkel and Nicoll, 1993;
Tong and Jahr, 1994). The lack of effect of uptake block-Spillover Mediates Transmission
ers on the amplitude of mitral cell self-excitation sug-between Mitral Cells
gests that NMDA receptors are also saturated with glu-Pure NMDA receptor±mediated transmission has been
tamate following local dendritic transmitter release. Theobserved in a number of brain regions (Bekkers and
lack of action of PDC on the time course of self-excita-Stevens, 1989; Isaac et al., 1995; Liao et al., 1995; Wu
tion is consistent with a role for channel desensitizationet al., 1996; O'Brien et al., 1997). While NMDA and AMPA
in limiting the time course of NMDA receptor±mediatedreceptors can be colocalized at release sites (Bek-
responses (Lester and Jahr, 1992).kers and Stevens, 1989; Isaacson and Walmsley, 1995;
Paired recordings from mitral cells also revealed large,O'Brien et al., 1997), it has been proposed that some
spontaneous currents mediated by NMDA receptors insynapses contain only NMDA receptors. An alternative
the presence of TTX. These events were often 10-foldhypothesis is that glutamate, spilling over from active
larger in amplitude than the responses evoked betweensynapses, reaches anatomically distant sites at low con-
pairs of mitral cells. In current clamp, these spontaneouscentrations capable of activating NMDA but not AMPA
events triggered synchronous bursts of action potentialsreceptors (Kullmann and Siegelbaum, 1995; Kullmann
in nearby mitral cells. The spillover of glutamate canet al., 1996; AszteÂ ly et al., 1997; Barbour and Hausser,
therefore govern synchronous activity in neighboring1997; Rusakov and Kullmann, 1998). This proposal has
mitral cells. These findings suggest a role for spilloverbeen used to challenge (Kullmann et al., 1996; AszteÂ ly
in the entrainment of ensembles of neurons in a circuitet al., 1997) the interpretation of experiments suggesting
that produces oscillating network activity during the pro-that long-term potentiation in the hippocampus uncov-
cessing of olfactory information (Laurent, 1997; Shep-ers postsynaptically ªsilentº AMPA receptors (Isaac et
herd and Greer, 1998).al., 1995; Liao et al., 1995). However, evidence for gluta-
mate spillover onto NMDA receptors has only been de-
Experimental Proceduresrived from statistical analyses or pharmacological ma-
nipulations of evoked compound EPSCs (Kullmann and
Horizontal slices (200±400 mm) of the olfactory bulb were preparedSiegelbaum, 1995; Kullmann et al., 1996; AszteÂ ly et al.,
from 14- to 30-day-old Sprague/Dawley rats using conventional
1997), and this model has recently been contested methods (Isaacson and Walmsley, 1995) and viewed under DIC op-
(Gomperts et al., 1998; Haas et al., 1998). tics (Axioskop FS, Carl Zeiss). The slices were superfused with a
Ringer solution containing: 119 mM NaCl, 2.5 mM KCl, 2.5 mM CaCl2,In this study, glutamate released from one mitral cell
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1 mM NaH2PO4, 26.2 mM NaHCO3, and 11 mM glucose, which was Gibb, A.J., and Colquhoun, D. (1992). Activation of N-methyl-D-
aspartate receptors by L-glutamate in cells dissociated from adultequilibrated with 95% O2, 5% CO2. Except where noted, all experi-
ments were performed in the presence of tetrodotoxin (TTX, 1 mM) rat hippocampus. J. Physiol. 456, 143±179.
and either bicuculline methiodide (50 mM) or picrotoxin (100 mM). Gomperts, S.N., Rao, A., Craig, A.M., Malenka, R.C., and Nicoll, R.A.
Patch electrodes (1.5±3 MV resistance) for voltage-clamp re- (1998). Postsynaptically silent synapses in single neuron cultures.
cordings contained: 135 mM Csgluconate, 8 mM NaCl, 10 mM Neuron 21, 1443±1451.
HEPES, 12 mM phosphocreatine, 3 mM MgATP, 0.2 mM Na3GTP, Haas, K., Cline, H., and Malinow, R. (1998). No change in NMDA
and 0.2 mM EGTA (pH 7.3). For current clamp recordings, the internal receptor-mediated response rise-time during development: evi-
solution was identical except that 135 mM KMeSO4 was substituted dence against transmitter spillover. Neuropharmacology 37, 1393±
for the Csgluconate. Series resistance, which was ,10 MV, was 1398.
routinely compensated by .80%. Unless indicated otherwise, the
Hessler, N.A., Shirke, A.M., and Malinow, R. (1993). The probabilityholding potential was 250 mV. Current clamp experiments were
of transmitter release at a mammalian central synapse. Nature 366,performed at 348C±358C and all voltage clamp experiments at
569±572.308C±328C.
Hestrin, S., Sah, P., and Nicoll, R.A. (1990). Mechanisms generatingDual current clamp recordings where obtained using the two
the time course of dual component excitatory synaptic currentsheadstages of an Axoclamp-2B in bridge mode. Synaptic currents
recorded in hippocampal slices. Neuron 5, 247±253.were recorded with Axopatch-1D and Axoclamp-2B amplifiers (Axon
Instruments). Cell bodies in paired recordings were within 25 mm of Isaac, J.T., Nicoll, R.A., and Malenka, R.C. (1995). Evidence for silent
each other. Currents were filtered at 2 kHz before being digitized synapses: implications for the expression of LTP. Neuron 15,
at 5 kHz (pClamp7, Axon Instruments). Data were analyzed using 427±434.
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